maps and the phosphoamino acid analysls were done as described (30 13 . The HEK293 cells were maintained as descr~bed (8, 15) . Recordings were made at 25°C from cells superfused with a Krebs solution containing 5 mM Hepes (pH 7.4), 140 mM NaCI, 4.7 mM KC!, 1.2 mM MgCI,, 2 5 mM CaCI,, and 11 mM glucose. Whole-cell recordings were performed with patch plpettes (1 to 5 megohms) containing 10 mM Hepes (pH 7.1), 140 mM KCI, 2 mM MgCI,, 1 mM CaCI,, 11 mM EGTA,and 2 mM adenosine trlphosphate. Drugs and normal Krebs were appl~edto the HEK293 cells and neurons with a rapid perfusion system conslstlng of a multibarreled electrode made from Quad glass tubing (Clarks Electromedleal, Reading, UK) that was positioned within 50 to 100 pm of the cell. Solution exchange with this perfusion system occurred in -4 ms The HEK293 cells were used for recording 48 hours after transfect~onand had resting potentials of -30 to -60 mV. Transfection with wild-type or mutant cDNAs was performed on different cultures of HEK293 cells derived from the same parent colony. As a result of the variation in transfect~onefficiency, the amplitudes of GABA currents recorded with both the wild-type and the mutant GABA receptors In the absence of CAMP or PKA were qulte variable between cells. Compar~sonof the GABA currents recorded from 29 to 45 cells transfected with either the wild-type or mutant cDNAs for the a,P, or alPly2 combinations in the absence of CAMP, PKA, or Ca did not reveal any slgniflcant differences between the~r response amplitudes or kinetics. Voltage-clamp currents were recorded w~th a List (Darmstadt, Germany) EPC7 amplifier, displayed on a Brush-Gould (London) ink-jet pen recorder (2400S), and stored on a Racal (Southampton, UK) store 4DS tape recorder (direct current to 5 kHz). Neurons were cultured from rat superior cervical ganglia of embryonic day 21 (E2l) animals as described (16) . Neurons were used 2 to 4 days after dissociation and had membrane potentials of -50 to -70 mV and action potential amplitudes of 80 to 95 mV. Recordings were made from neurons as described above. 14 
Neuronal Domains in Developing Neocortex
Rafael Yuste,* Alejandro Peinado, Lawrence C. Katz
The mammalian neocortex consists of a mosaic of columnar units whose development is poorly understood. Optical recordings of brain slices labeled with the fluorescent calcium indicator fura-2 revealed that the neonatal rat cortex was partitioned into distinct domains of spontaneously coactive neurons. In tangential slices, these domains were 50 to 120 micrometers in diameter; in coronal slices they spanned several cortical layers and resembled columns found in the adult cortex. In developing somatosensory cortex, domains were smaller than, and distinct from, the barrels, which represent sensory input from a single vibrissa. The neurons within each domain were coupled by gap junctions. Thus, nonsynaptic communication during cortical development defines discrete multicellular patterns that could presage adult functional architecture.
I n mammalian neocortex, local circuits are preferentially organized in a radial direction, forming a modular architecture of columnar units (1 revealed the existence of one such possible mechanism.
To study the behavior of cortical networks as local microcircuits emerge, we used optical recordings with the Ca2+-sensitive indicator fura-2 (4) (9) . Several lines of evidence, however, indicate that the domains described here consist of neurons. First, the morphologies of the fura-2-labeled cells that formed the domains were clearly neuronal, as evidenced (in coronal sections) by their apical dendrites and large cell bodies (6) . Second, Werentiated asnocytes are uncommon during the tirst postnatal days in rat cortex (10 tangential slice were superimposed, they covered the surface of the slice and formed maps ( Fig. 2A) . In these maps, domains abutted each other with little overlap, giving the map a highly organized appearance.
To determine whether the spatial organization of maps could result from spatially random events, we performed computer simulations of four experiments (Table 2) . We first determined the amount of overlap between domains in the real map. Each domain was then assigned a random position and the amount of overlap in the "random maps" was calculated. In all cases, the average overlap of the random maps was significantly different from that of the real maps (P < 0.05); in the experiment in Fig.   2A , the actual degree of overlap did not occur in any of the 1006 random maps generated. Thus, the spatial distribution of domains is not random but probably relates to some underlying organization in the slice. Consistent with this idea, 64 of 517 domains reappeared at the site of a previous domain and covered 70 to 100% of its area. These recurrences were relatively infrequent and the intenral between them was highly irregular (Table 1) . In this way, they differ markedly from the relatively regular waves of activity described in fetal retina (12) . Because the tangential organization of the domains resembled cortical maps, we explored the possible relations between these coactive regions and known features of cortical architecture. A prominent feature of the primary sensory cortex is the segregation of thalamocortical derents into discrete territories (13) . To test whether domains were related to patterns of thalamic innenration, we combined fura-2 imaging with fluorescent anterograde labeling (14) of thalamocortical derents in nine tangential slices of somatosensory cortex. Tetrarnethylrhodamine isothiocyanate (TRITC) was injected into the ventrobasal nucleus of the thalamus of PND 1 rats. Tangential slices through layer 4 prepared at PND's 4 to 6 produced the expected pattern of barrels; this enabled us to simultaneously image domains and barrels in the same slice (Fig.  2B) . Individual domains were invariably smaller than single barrels (average barrel area, 42,765 * 14,483 pm2; range, 15, 830 to 79,652 pm2; n = 14; average domain area, 4,426 * 4,105 pm2; range, 589 to 12,952 pm2; n = 128) and were located both inside (34 out of 78) and outside (44 out of 78) the barrels, subdividing them into several coactive zones. The relation of the domains to the borders of barrels was difficult to establish because of the lack of complete segregation of the derents at these ages (1 5).
In coronal slices, domains were columnar. Nine domains (out of 219) clearly extended from layer 6 to layer 1 and spanned the entire thickness of the cortex (Fig. 3) . The remaining domains were ovoid, approximately 50 by 200 pm, and their longer axes were oriented radially, crossing at least two layers. Of these 210 remaining domains, 62 were centered in layer 213, 133 in layer 4, and 15 in layers 5 SCIENCE VOL. 257 and 6. Because the loading of neurons by fura-2 is poor in the lower layers (6), domains in these layers were more difficult to resolve (1 6) . The shape of the coronal domains strongly suggests the columnar units of visual and somatosensory cortex (I) and the proposed radial units associated with radial glial fibers (3) .
To elucidate the mechanisms res~onsible for the coactivation of cells within a domain, we imaged slices perfused with the Na+ channel blocker tetrodotoxin (TTX), which prevents Na+-based action potentials. In previous control experiments, 1 pM T T X blocked all stimulus-evoked synaptic activity and all synaptically induced Ca2+ influx. In all cases (13 slices), 5 pM TTX failed to prevent the appearance of domains, indicating that the coactivation of neurons in domains did not reauire Na+-based action potentials or the synaptic events they could trigger. This persistence of the domains in TTX suggested that cells within a domain might be coupled by gap junctions because gap junctions are permeable to small ions, including Ca2+ (17) . We probed for the presence of gap junctions by intracellular injections of Neurobiotin (biotin ethylenediamine. Vector Labs). , , a small diffusible tracer that labels coupled neurons in the retina (18) . In 14 out of 24 cases, injection of a single cell in coronal slices from PND 5 to 10 somatosensory cortex resulted in labeling of a cluster of 15 to 78 cells (35 + 17, n = 14) located in the immediate vicinity of the injected cell (Fig. 4A) . Control injections into the extracellular space produced no labeling. Most labeled cells had pyramidal-shaped cell bodies and apical dendrites; none of the labeled cells resembled glia.
Clusters were ovoid (124 + 35 by 299 -+ 155 pm, n = 14), radially oriented, and spanned several layers. In five of seven cases at PND 5, clusters formed columns stretching from layer 6 to the top of layer 2 (Fig. 4B) . In all clusters the dendrites of the injected cell intersected cell bodies or a~i c a l dendrites of distantly labeled cells, suggesting dendrodendritic or dendro-somatic coupling. The spatial similarities between the Neurobiotin clusters and the optically recorded domains strongly suggest that both methods reveal the same organization.
The existence of c o u~l e d cells in cortical slices has been described in studies that used Lucifer yellow as a tracer. Injections with microeiectrodes (1 9) showed small numbers of coupled cells (three to seven) in neonatal rat and guinea pig cortex, whereas injections with whole-cell electrodes revealed clusters of c o u~l e d neuroblasts in the embryonic ventricular zone that disappeared in the more mature cortical plate (20) . Our experiments with microelectrode injections of Neurobiotin revealed extensive coupling in all cortical layers throughout the first two postnatal weeks. The differences from previous studies are probably attributable to the different tracers used: Neurobiotin (molecular weight 323) is smaller than Lucifer yellow (molecular weight 457) and should cross different classes of gap junctions more readily.
Cellular communication by means of gap junctions is found during pattern formation in vertebrate and invertebrate development (21) . How this coupling is established and regulated in the mammalian neocortex remains unclear. During early cortical development, synapse number is low (22) , synaptic activity is sparse, and neurons are difficult to stimulate (23) . Gap junctions could enable developing cortical neurons to interact by a more direct, nonsynaptic mechanism. Our results indicate that this coupling underlies the coactivation of neurons within a domain. Because domains have similar sizes and discrete borders, they may represent modular functional units in developing cortex (24) . Their radial arrangement is consistent with the radial unit hypothesis (3). In addition, although cells in a domain seem to behave independently of conventional synaptic transmission, their electrical coupling could influence subsequent synaptic rearrangements. If synapses are formed, retained, or modified by activity-dependent mechanisms (2, 25), selective synapse formation could occur among members of a domain, resulting in an adult column. Thus, the patterning of neonatal cortex into coupled neuronal domains may represent a developmental blueprint for the adult functional architecture.
sllces are prepared in the tangential or coronal plane. In addltlon, their regular spatial arrangement repeatability at specific locations, and occurrence in virtually every slice strongly suggest that they are not artifacts. Furthermore, optical recordings were done directly on a glass cover slip; no netting or other support with a regular geometry was used at any time. Finally, results on the specific pharmacology of domalns do not support a slice artifact; whereas TTX, a Na+ channel blocker, does not block domains, octanol and halothane, which are gap junction blockers, revers~bly prevent the occurrence of domains. activation of a C1--dependent, nonselective cation conductance during cellular shrinkage. Cultured, dissociated human airway epithelial cells were studied with the whole-cell patch-clamp technique (5) .
Activation of a current with a relatively linear current-voltage (I-V) relation occurred after exposure of a cell to a hypertonic bathing solution (6) . The magnitude of the current increased as the osmotic pressure difference across the cell membrane was increased bv the addition of sucrose to the solution9 suggesting that the current was associated with cellular shrinkage (Fig. 1) . Current activation was reversed by decreasing the osmolaritv of the bathing solution so that it was hypo-osmotic to the intracellular (pipette) solution. Isotonicitv
between cell interior and exterior was obtained when the bathing solution was made hypotonic by 30 mOsM to the intracellular solution, as determined by the absence of current activation under these conditions. Representative whole-cell currents after cellular shrinkage in response to step changes in membrane potential between -110 and +100 mV can be seen in Fig. 2 , A and B. In these experiments, Na+ and C 1 were the major permeant ionic species, and current separation was made on the basis of shifts in reversal potential (7). The equilibrium potentials for a perfectly cation-or anionselective conductance were +31 and -31 mV, respectively. Shrinking-induced current activation was associated with a depolarizing shift in current reversal potential (+26 2 1 mV, n = 14) close to the predicted equilibrium potential for Nat, indicating that the current was predominantly cation-selective. The cation to anion selectivity was determined for the shrinking-activated conductance from current reversal potentials obtained when NaCl in the intracellular solution was substituted in various amounts with 
I , , , The mean current amplitude in cells exposed to the 230-mOsM bathing solution was 61 2 7 pA at +50 m V (n = 4). Current magnitudes recorded under hypoton~c conditions (bath solution 1280 mOsM) were obtained after the cells had been exposed to hypertonic bathing solutions between pipette and bath solutions).
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